MSEMI.113A PATENT 
METHOD AND APPARATUS TO SWITCH OPERATING MODES IN A PFM 

CONVERTER 



Claim for Priority 

[0001] This application claims the benefit of priority under 35 U.S.C § 1 19(e) of 
U.S. Provisional Application Number 60/441,702, filed on January 21, 2003, and entitled 
DUAL-MODE PFM BOOST CONVERTER, the entirety of which is incorporated herein by 
reference. 

Background of the Invention 

Field of the Invention 

[0002] The present invention relates generally to power conversion circuits and 
more particularly to a boost converter that uses two pulse frequency modulation (PFM) 
operating modes for efficiency. 

Description of the Related Art 

[0003] Inductor based boost mode light emitting diode (LED) drivers typically 
include pulse width modulation (PWM) converters that operate at a fixed frequency. A 
PWM converter uses an oscillator to generate the fixed (or PWM reference) frequency and 
varies the switching duty cycle applied to a semiconductor switch to regulate an output 
voltage. The PWM converter can operate in a voltage mode or a current mode. In a current 
mode PWM converter, the output voltage is regulated indirectly by controlling a peak or an 
average switch current. In a voltage mode PWM converter, the output voltage is directly 
regulated. Both modes of operation can promote inefficiency (e.g., switching loss or 
conduction loss) as load current changes. 

Summary of the Invention 
[0004] The present invention solves these and other problems by providing a 
power conversion circuit (e.g., a dual-mode PFM converter) that optimizes efficiency over a 
wide range of loading conditions. For example, the power conversion circuit accepts an input 



-1- 



voltage (e.g., a first direct current voltage) at a first level and supplies an output voltage (e.g., 
a second direct current voltage) at a second level. The power conversion circuit includes a 
switching transistor to generate the output voltage. A PFM circuit controls the switching 
transistor. An inner control loop senses a switching current flowing through the switching 
transistor and generates a first feedback signal to the PFM circuit to turn off the switching 
transistor for a predefined duration when the switching current reaches a predetermined level. 
The predetermined level is substantially constant in a first mode and is controlled by an 
output voltage feedback signal in a second mode. An outer control loop senses a load 
current. The outer control loop turns the PFM circuit off when the load current is greater 
than a reference level during the first mode and forces the PFM circuit to stay on during the 
second mode. 

[0005] In one embodiment, a dual-mode PFM converter (or a switching regulator) 
operates in a first mode (or a hysteretic mode) to regulate an output voltage using a 
substantially fixed peak switching current and operates in a second mode (or a continuous 
mode) to regulate the output voltage using a variable peak switching current. The switching 
regulator senses load power to switch between the hysteretic mode and the continuous mode. 

[0006] For example, the switching regulator operates in the hysteretic mode for a 
first range of load currents (e.g., relatively light load currents). In the hysteretic mode, a 
pulse frequency modulator is on for a burst period when the output voltage of the switching 
regulator is less than a first level and off when the output voltage of the switching regulator is 
greater than a second level. During each burst period, the pulse frequency modulator controls 
switching cycles for a switch. Each switching cycle involves turning on the switch until the 
switch conducts the substantially fixed peak switching current and subsequently turning off 
the switch for a predetermined duration. 

[0007] The substantially fixed peak switching current is set relatively low to 
accommodate the intended relatively light load currents while keeping conduction loss down. 
At the same time, the fixed peak switching current is sufficiently high to allow regulation of 
the output voltage using a small number of switching cycles (e.g., less than 16) in each burst 
period, which decreases switching loss. In one embodiment, the switching regulator switches 
from the hysteretic mode to the continuous mode when the number of switching cycles in a 



-2- 



burst period exceeds a predetermined value (e.g., 15), indicating a change to a heavier load 
current. 

[0008] The switching regulator operates in the continuous mode for a second 
range of load currents (e.g., relatively high load currents). In the continuous mode, the pulse 
frequency modulator is continuously on to control switching cycles for the switch. Each 
switching cycle involves turning on the switching until the switch conducts a variable peak 
switching current and subsequently turning off the switching for the predetermined duration. 
The variable peak switching current varies according to a feedback signal indicative of the 
output voltage or output current of the switching regulator. The variable peak switching 
current decreases as the load current decreases to decrease conduction loss. In one 
embodiment, the switching regulator switches from the continuous mode to the hysteretic 
mode when the variable peak switching current is less than a predefined level, indicating a 
change to a lighter load current. 

[0009] In one embodiment, a dual-mode switching regulator includes a switch (or 
a semiconductor switch), a pulse frequency modulator (or a PFM controller), a first feedback 
loop, and a second feedback loop. The pulse frequency modulator controls switching cycles 
of the switch. The first feedback loop detects when the switch conducts a current above a 
selected threshold during each switching cycle and outputs a peak-current detection signal to 
the pulse frequency modulation in response to turn off the switch for predefined duration. 

[0010] The selected threshold is a substantially fixed threshold in a first mode (or 
a hysteretic mode for relatively light load currents) and a variable threshold in a second mode 
(or a continuous mode for relatively heavy load currents). In one embodiment, the variable 
threshold is derived from an output (e.g., an output voltage or an output current) of the dual- 
mode switching regulator and is provided by the second feedback loop to the first feedback 
loop. 

[0011] The second feedback loop monitors the output of the dual-mode switching 
regulator for continuous closed-loop regulation and determines whether to operate the dual- 
mode switching regulator in the first mode or the second mode. The second feedback loop 
outputs a burst control signal to turn on the pulse frequency modulator for an active period 
during the second mode or when the output of the dual-mode switching regulator is less than 



a first level during the first mode. The burst control signal turns off the pulse frequency 
modulator when the output is greater than a second level during the first mode. 

[0012] In one embodiment, the second feedback loop monitors the peak-current 
detection signal to switch operation from the first mode to the second mode. For example, 
the second feedback loop switches the operation of the dual-mode switching regulator from 
the first mode to the second mode when the peak-current detection signal indicates that the 
number of switching cycles for the switch exceeds a predetermined value during an active 
period of the pulse frequency modulator. The second feedback loop monitors the variable 
threshold to switch operation from the second mode to the first mode. For example, the 
second feedback loop switches the operation of the dual-mode switching regulator from the 
second mode to the first mode when the variable threshold is less than a predefined level. 

[0013] In one embodiment, the dual-mode switching regulator is a boost 
converter. For example, the boost converter includes an input inductor coupled between an 
input voltage and a switch, a rectifying diode coupled between the input inductor and an 
output of the boost converter, and a filter capacitor coupled between the output of the boost 
converter and ground. In one embodiment, the boost converter drives one or more light 
emitting diodes (LEDs). 

[0014] In one embodiment, a switching converter includes a semiconductor 
switch, a PFM controller, a peak current detector, a feedback voltage detector, and a load 
sensor. The PFM controller turns the semiconductor switch on and off The peak current 
detector senses current flowing through the semiconductor switch and outputs a peak current 
pulse to the PFM controller when the sensed current is above a reference peak level. The 
PFM controller turns off the semiconductor switch for a predetermined duration in response 
to the peak current pulse. 

[0015] The feedback voltage detector senses an output voltage of the switching 
converter and outputs a control signal to the PFM controller. The control signal is in an 
active phase and turns on the PFM controller when the sensed output voltage is less than a 
first predefined voltage. The control signal is in an inactive phase and turns off the PFM 
controller when the sensed output voltage is greater than a second predefined voltage. In one 
embodiment, the feedback voltage detector is a first comparator with hysteresis. The sensed 
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output voltage is provided to a negative input terminal while a first reference voltage is 
provided to a positive input terminal of the first comparator. 

[0016] The load sensor detects load current and outputs an override control signal 
to force the PFM controller to remain on when the load current is greater than a 
predetermined level (or relatively high). When the override control signal is active, the 
reference peak level of the peak current detector becomes a variable peak level that varies 
with the sensed output voltage. In one embodiment, the variable peak level is generated by a 
filter circuit (or an integrator circuit) coupled to an output of the feedback voltage detector. 
A clamp circuit may be further included to hold the output of the filter circuit at a 
predetermined value when the override control signal is inactive. The reference peak level of 
the peak current detector is substantially constant when the override control signal is inactive. 

[0017] In one embodiment, the load sensor includes a counter and a latch. The 
counter increments with each peak current pulse and resets when the control signal is in the 
inactive phase. The output of the latch is the override control signal. The latch sets when the 
counter overflows indicating that the load current is greater than a predetermined level and 
resets when the variable peak level is less than a predefined level indicating that the load 
current is less than the predetermined level. In another embodiment, the load sensor is a 
second comparator with the first reference voltage provided to a positive input terminal and a 
second reference voltage provided to a negative input terminal of the second comparator. 

[0018] These and other objects and advantages of the present invention will 
become more fully apparent from the following description taken in conjunction with the 
accompanying drawings. For purpose of summarizing the invention, certain aspects, 
advantages and novel features of the invention have been described herein. It is to be 
understood that not necessarily all such advantages may be achieved in accordance with any 
particular embodiment of the invention. Thus, the invention may be embodied or carried out 
in a manner that achieves or optimizes one advantage or group of advantages as taught herein 
without necessarily achieving other advantages as may be taught or suggested herein. 
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Brief Description of the Drawings 

[0019] Figure 1 is a simplified schematic diagram of one embodiment of a dual- 
mode boost converter in accordance with the present invention. 

[0020] Figure 2, comprising of Figures 2A and 2B, is a detailed schematic 
diagram of one embodiment of the dual-mode boost converter shown in Figure 1. 

[0021] Figure 3, comprising of Figures 3A and 3B, is a detailed schematic 
diagram of another embodiment of the dual-mode boost converter shown in Figure 1. 

Detailed Description of the Invention 
[0022] Embodiments of the present invention will be described hereinafter with 
reference to the drawings. Figure 1 illustrates a simplified schematic diagram of one 
embodiment of a dual-mode boost converter 100. The dual-mode boost converter 100 
accepts a direct current (DC) input voltage (VS) 102 and produces a DC output voltage (V- 
OUT) which can be greater than the input voltage 102. The output voltage can be used to 
power a load 128, e.g., three light emitting diodes (LEDs) 122, 124, 126 connected in series. 
The dual-mode boost converter 100 can adjust the brightness of the LEDs 122, 124, 126 by 
varying the power (or load current) provided to the load 128. In some applications, the load 
current (I-LOAD) varies over a wide range to accommodate a wide range of ambient lighting 
conditions. 

[0023] The dual-mode boost converter 100 includes an input inductor 104, a 
switch 106, a rectifying diode 1 10, a filter capacitor 1 12, and sense resistors 1 14, 1 16. In one 
embodiment, the switch 106 is an N-type metal-oxide semiconductor field effect transistor 
(N-MOSFET). The input inductor 104 is coupled between the input voltage and a drain 
terminal of the switch 106. The first sense resistor 114 is coupled between a source terminal 
of the switch 106 and ground. The rectifying diode 110 has an anode coupled to the drain 
terminal of the switch 106 and a cathode coupled to the output voltage. The filter capacitor 
112 is coupled between the output voltage and ground. The second sense resistor 116 is 
coupled between the load 128 and ground. 

[0024] In one embodiment, the switch 106 is controlled by a PFM controller 108 
which outputs a signal to a buffer (or a driver) 130 coupled to a gate terminal of the switch 
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106. The PFM controller 108 periodically increases current flowing through the input 
inductor 104 by closing (or turning on) the switch 106. The current conducted by the input 
inductor 104 is selectively coupled to the output voltage by the rectifying diode 110. The 
filter capacitor 1 12 reduces ripple voltage to maintain a substantially DC output voltage. 

[0025] In one configuration, the PFM controller 108 has an on/off input (or a 
burst control input) and a peak current input (PEAK I). When the PFM controller 108 is off, 
the switch 106 opens (or is off). When the PFM controller 108 is on, the switch 106 goes 
through one or more switching cycles. In each switching cycle, the switch 106 turns on until 
the peak current input receives a signal indicating that the current through the switch 106 has 
reached a desired peak level. The switch 106 then turns off for a substantially fixed duration 
before starting the next switching cycle. The PFM controller 108 uses logic/timing circuits 
and advantageously does not use an oscillator to implement these switching cycles. The 
repetition rate (or the frequency) of the switching cycles depends on the desired peak level. 

[0026] In one embodiment, an inner feedback loop 118 monitors the current 
flowing through the switch 106 and outputs a peak current detection signal to the peak 
current input. For example, the inner feedback loop 118 senses the voltage (I-SENSE) across 
the first sense resistor 114 and compares the sensed voltage with a peak current reference 
level to generate the peak current detection signal. In a first operating mode (or a hysteretic 
mode), the peak current reference level is substantially constant. In a second operating mode 
(or a continuous mode), the peak current reference level varies with the output voltage or the 
load current. 

[0027] In one embodiment, an outer feedback loop 120 monitors the output 
voltage or the load current to provide closed-loop and continuous regulation of the output. 
The output feedback loop 120 can sense load power to determine the operating mode 
(CSM/HYST) and the variable peak current reference level (CSM-LEVEL), which are 
communicated to the inner feedback loop 118. The outer feedback loop 120 also provides a 
burst control line to the on/off input of the PFM controller 108. 

[0028] For example, the outer feedback loop 120 senses a feedback voltage (V- 
FB) across the second sense resistor 116. The feedback voltage can be processed to generate 
the burst control line and the variable peak current reference level. The outer feedback loop 
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120 can additionally monitor the output (or the peak current detection signal) of the inner 
feedback loop 120 to determine the operating mode. In the hysteretic mode, the outer 
feedback loop 120 turns on the PFM controller 108 for a burst period when the output voltage 
is less than a first regulation level (or a minimum level) and turns off the PFM controller 108 
when the output voltage is greater than a second regulation level (or a maximum level). In 
the continuous mode, the outer feedback loop 120 forces the PFM controller 108 to stay on. 

[0029] The dual-mode boost converter 100 optimizes power conversion efficiency 
over a wide range of loading conditions by employing two operating modes. Under light and 
medium loading conditions (e.g., when the load current is relatively low), the dual-mode 
boost converter 100 operates in the hysteretic mode to reduce switching losses associated 
with turning the switch 106 on and off. Switching losses include energy associated with 
turning on the switch 106 as well as energy (simultaneous high levels of voltage and current) 
in the switch 106 during the on-to-off and off-to-on transitions. Switching losses are 
proportional to the switching frequency. 

[0030] Under heavy loading conditions (e.g., when the load current is relatively 
high), the dual-mode boost converter 100 operates in the continuous mode to reduce 
conduction losses associated with current flowing through the switch 106. Conduction losses 
refer to the losses due to current flow in the series resistance of the switch 106, the input 
inductor 104, and the first sense resistor 114. Conduction losses are proportional to the 
square of the switch current. 

[0031] Switching losses dominate under light loading conditions, and conduction 
losses dominate under heavy loading conditions. The dual-mode boost converter 100 uses 
the hysteretic mode to reduce switching losses for light/medium loads by delivering relatively 
more energy during the switching cycles and allowing for relatively longer periods of 
inactivity between each burst of switching cycles. The dual-mode boost converter 100 uses 
the continuous mode to reduce conduction losses for heavy loads by forcing the PFM 
controller 108 to remain on to facilitate more switching cycles and subsequently reducing the 
peak current of the switch 106. The dual-mode boost converter 100 advantageously uses 
PFM techniques for both operating modes, eliminating a need for an oscillator to control the 
switch 106. 
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[0032] Figure 2, comprising of Figures 2A and 2B, is a detailed schematic 
diagram illustrating one embodiment of an inner feedback loop 200 and an outer feedback 
loop 202. The inner feedback loop 200 includes a peak current comparator (or detector) 204 
and a switch 206. The peak current comparator 204 senses current flowing through the 
switch 106 and outputs a peak current pulse to a first input (PEAK I) of the PFM controller 
108 when the sensed current is above a reference peak level. The PFM controller 108 turns 
off the switch 106 for a predetermined duration in response to the peak current pulse. 

[0033] In one embodiment, an output voltage (I-SENSE) across the first sense 
resistor 114 is provided to a positive terminal of the peak current comparator 204. The 
reference peak level (I-REF) is provided to a negative terminal of the peak current 
comparator 204. The switch 206 is coupled to the negative terminal to selectively provide a 
first (or a substantially constant) peak level (HYST-LEVEL) as the reference peak level 
during a first operating mode (or a hysteretic mode) and a variable peak level (CSM-LEVEL) 
as the reference peak level during a second operating mode (or a continuous mode). The 
variable peak level is provided by the outer feedback loop 202, which also provides a mode 
selector (CSM/HYST) to control the switch 206. 

[0034] The outer feedback loop 202 includes a feedback voltage detector 208, a 
filter circuit 210, a clamp circuit 212, a logic gate 216, and a load sensor 214. The feedback 
voltage detector 208 accepts a feedback voltage (V-FB) for comparison with a reference 
voltage (V-REF) to generate a feedback control signal at its output. The filter circuit 210 is 
coupled to the output of the feedback voltage detector 208 and generates the variable peak 
level (CSM-LEVEL). In one embodiment, the filter circuit 210 includes a first resistor 218 
and a capacitor 220. The first resistor 218 is coupled between the output of the feedback 
voltage detector 208 and an intermediate node. The capacitor 220 is coupled between the 
intermediate node and ground. The voltage at the intermediate node is the variable peak 
level. 

[0035] The clamp circuit 212 is coupled to the filter circuit 210 and clamps the 
variable peak level to a predetermined level in response to the mode selector indicating 
operation in the hysteretic mode. In one embodiment, the clamp circuit 212 includes a 
second resistor 222, a N-MOS switch 224, and a logic inverter 226. The second resistor 222 
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is coupled between the intermediate node and a drain terminal of the N-MOS switch 224. 
The N-MOS switch 224 has a source terminal coupled to ground and a gate terminal 
controlled by an output of the logic inverter 226. An input of the logic inverter 226 is 
coupled to the output of the load sensor 214. 

[0036] The load sensor 214 generates the mode selector. The load sensor 214 
monitors both the feedback control signal and the peak current pulse to switch the mode 
selector from the hysteretic mode to the continuous mode. The load sensor 214 monitors the 
variable peak level to switch from the continuous mode to the hysteretic mode. The logic 
gate 216 is coupled to the output of the feedback voltage detector 208 and the output of the 
load sensor 214 to generate a burst control signal to an on/off input of the PFM controller 
108. In one embodiment, the logic gate 216 is an OR-gate. In the hysteretic mode in which 
the output of load sensor is low, the burst control signal is determined by the output of the 
feedback voltage detector 208. In the continuous mode, the burst control signal is determined 
by the load sensor 214 which outputs logic high to override any output from the feedback 
voltage detector 208. 

[0037] The burst control signal is in an active phase and turns on the PFM 
controller 108 when a sensed output voltage is less than a first predefined voltage or when the 
load sensor indicates operation in the continuous mode. The burst control signal is in an 
inactive phase and turns off the PFM controller 108 when the sensed output voltage is greater 
than a second predefined voltage during the hysteretic mode. In one embodiment, the 
feedback voltage detector 208 uses a comparator with hysteresis to process the sensed output 
voltage. For example, a feedback voltage (V-FB) across the second sense resistor 116 is 
provided to a negative input terminal of the feedback voltage detector (or the comparator) 
208 while a reference voltage (V-REF) is provided to a positive input terminal of the 
comparator 208. The comparator 208 outputs a logic high when the feedback voltage is less 
than the reference voltage by a first amount and outputs a logic low when the feedback 
voltage is greater than the reference voltage by a second amount. 

[0038] In the embodiment illustrated in Figure 2, the level of the reference voltage 
is adjustable by a user to provide dimming control of the LEDs 122, 124, 126. For example, 
the reference voltage regulates the voltage across the second sense resistor 1 16 which in turn 
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determines the current through the second sense resistor 116 and thereby determine the 
current conducted by the series-connected LEDs 122, 124, 126. Since the brightness of the 
LEDs 122, 124, 126 is proportional to their current, varying the first reference voltage varies 
the brightness of the LEDs 122, 124, 126. 

[0039] The load sensor 214 indirectly detects load current by monitoring various 
internal signals within the feedback loop. When the load sensor 214 determines that the load 
current is relatively heavy, the load sensor 214 outputs logic high to configure the switching 
regulator for operation in the continuous mode. For example, the logic high at the output of 
the load sensor 214 overrides the feedback control signal from the feedback voltage detector 
208 and forces the PFM controller to remain on. The logic high at the output of the load 
sensor 214 also causes the reference peak level (I-REF) of the peak current detector 204 to 
use a variable peak level that varies with the feedback voltage. 

[0040] In one embodiment, the load sensor 214 includes a counter (or a shift 
register) 228, a latch 232, and a mode comparator 230. The peak current pulse is provided to 
a count input (CNT) of the counter 228, and the feedback control signal is provided to a clear 
input (CLR) of the counter 228. An overflow output of the counter 228 is provided to a set 
input (J) of the latch 232. The mode comparator 230 has a positive input terminal coupled to 
a threshold voltage (V-TH), a negative input terminal coupled to the variable peak level, and 
an output terminal coupled to a reset input (K) of the latch 232. An output (Q) of the latch 
232 is the output of the load sensor 214. 

[0041] The counter 228 increments with each peak current pulse and resets when 
the feedback control signal is logic low. The latch 232 sets when the counter 228 overflows 
indicating that the load current is greater than a predetermined level. Then latch resets when 
the variable peak level is less than the threshold voltage indicating that the load current is less 
than the predetermined level. 

[0042] In one embodiment, the switching regulator illustrated in Figure 2 is used 
as a LED driver to provide power to a plurality of LEDs 122, 124, 126. The load current 
varies over a wide range to provide dimming or brightness control of the LEDs 122, 124, 
126. The switching regulator operates in the hysteretic mode for a first range of load currents 
(or light load currents). In the hysteretic mode, the switch 106 is configured to conduct a 



peak current that is higher than the first range of load currents to deliver relatively more 
power in each switching cycle, thereby reducing the number of switching cycles before the 
output voltage reaches an upper regulation level. For example, the reference peak level for 
the peak current comparator 204 is set to a relatively high hysteretic level (HYST-LEVEL) 
during the hysteretic mode. In other words, the ratio of the reference peak level to the load 
current is relatively high in the hysteretic mode. Overall, the hysteretic level is relatively low 
since the first range of load currents is relatively low. 

[0043] When the number of switching cycles reach a predetermined value (or a 
maximum count), the switching regulator begins operating in the continuous mode or 
continuous switching mode (CSM). For example, the counter 228 keeps track of the number 
of consecutive switching cycles using the output of the peak current comparator 204. When 
the counter 228 reaches the predetermined value (e.g., 15 counts), the counter 228 sets the 
output of the latch 232 to force the PFM controller to stay on for the continuous mode and 
toggles the reference peak level to a variable continuous level (CSM-LEVEL). The 
maximum count sets the transition point from hysteretic to continuous mode. 

[0044] The switching regulator operates in the continuous mode for a second 
range of load currents which are relatively higher than the first range of load currents. In the 
continuous mode, the ratio of the reference peak level to the load current is relatively low. 
The switch 106 goes through more than the predetermined number of switching cycles before 
the output voltage reaches the upper regulation level. The reference peak level varies with 
the load current during the continuous mode. That is, the reference peak level decreases as 
the load current decreases to reduce inefficiency associated with conduction loss. In the 
application illustrated in Figure 2, the load current is sensed by monitoring the voltage across 
the second sense resistor 1 16 using the feedback voltage detector 208. In other applications, 
the output voltage can be monitored (e.g., by a resistor divider) to vary the reference peak 
level. 

[0045] When the reference peak level falls below a predefined level, such as half 
of the hysteretic level, the switching regulator reverts to operating in the hysteretic mode. For 
example, the threshold voltage (V-TH) of the mode comparator 230 can be set to about half 
the hysteretic level. The mode comparator 230 compares the variable continuous level with 
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the threshold voltage and resets the latch 232 when the variable continuous level falls below 
the threshold voltage. The threshold voltage, similar to the maximum count discussed above, 
can be user defined and is an arbitrary level. The threshold voltage sets the transition point 
from continuous to hysteretic mode. 

[0046] Figure 3, comprising of Figures 3 A and 3B, is a detailed schematic 
diagram of another embodiment of an outer feedback loop 300. The outer feedback loop 300 
includes a feedback voltage detector (or comparator) 208, an integrator (or filter) circuit 210, 
a load detector 302, and a logic gate 216. The feedback voltage comparator 208 accepts a 
feedback voltage (V-FB) indicative of a load current and a first reference voltage (V-REF1) 
indicative of a desired load current. An output of the feedback voltage comparator 208 
transitions from a logic high to a logic low when the feedback voltage exceeds the first 
reference voltage by a predefined amount and transitions from a logic low to a logic high 
when the feedback voltage is less than the first reference voltage by the predefined amount. 

[0047] The integrator circuit 210 is coupled to the output of the feedback voltage 
comparator 208 to generate a continuous-mode reference level (CSM-LEVEL) for an inner 
feedback loop 200 discussed above. In one embodiment, the integrator circuit 210 comprises 
a resistor 218 and a capacitor 220. The resistor 218 is coupled between the output of the 
feedback voltage comparator 208 and a common node. The capacitor 220 is coupled between 
the common node and ground. The voltage at the common node is the continuous-mode 
reference level. 

[0048] In one embodiment, the load detector 302 includes a comparator 304. The 
first reference voltage indicative of the desired load current is provided to a positive terminal 
of the comparator 304 and a second reference voltage (V-REF2) is provided to a negative 
terminal of the comparator 304. The level of the first reference voltage can be adjusted by a 
user. In one embodiment, the level of the first reference voltage regulates the voltage across 
the second sense resistor 116 which in turn determines the current through the second sense 
resistor 116 and thereby regulate the load current of the series-connected LEDs 122,* 124, 
126. Since the brightness of the LEDs 122, 124, 126 is proportional to the load current, 
adjusting the first reference voltage provides dimming control. In one embodiment, the 
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second reference voltage is substantially constant and corresponds to a transition point (e.g., 
10mA) in a range of load currents for changing operating modes. 

[0049] An output of the comparator 304 is a mode selection signal. The mode 
selection signal is logic high to configure the switching regulator for a continuous operating 
mode when the first reference voltage is greater than the second reference voltage to indicate 
desire for relatively heavy load current. The mode selection signal is logic low to configure 
the switching regulator for a hysteretic operating mode when the first reference voltage is less 
than the second reference voltage to indicate desire for relatively light load current. The 
mode selection signal is provided to the inner feedback loop. 

[0050] The load detector 302 simplifies and provides direct control of the 
operating modes depending on the desired load current or the expected output power level. 
The comparison between the first reference voltage and the second reference voltage can be 
done digitally if the first reference voltage is generated by a digital-to-analog converter 
(DAC). For example, the continuous operating mode can be invoked if an input to the DAC 
. is above a predetermined binary value. Similarly, the hysteretic operating mode can be 
invoked if the input to the DAC is less than or equal to the predetermined binary value. 

[0051] The logic gate 216 accepts the output of the feedback voltage comparator 
208 and the mode selection signal to generate a burst control (or on/off) signal for the PFM 
controller 108. In one embodiment, the logic gate 216 is a dual-input OR-gate. 

[0052] While certain embodiments of the inventions have been described, these 
embodiments have been presented by way of example only, and are not intended to limit the 
scope of the inventions. Indeed, the novel methods and systems described herein may be 
embodied in a variety of other forms; furthermore, various omissions, substitutions and 
changes in the form of the methods and systems described herein may be made without 
departing from the spirit of the inventions. The accompanying claims and their equivalents 
are intended to cover such forms or modifications as would fall within the scope and spirit of 
the inventions. 
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